Introduction
Accurate estimation of tree height (h) is of critical importance to forest managers and practitioners for decision making, since tree diameter (d) and height allow the indirect estimation of individual tree volume, biomass, and site index and the description of stand growth dynamics and succession over time (Curtis, 1967) . Parresol (1992) identified height-diameter (h-d) models as important components in yield estimation, stand description, and damage appraisal. The h-d relationship is also used to characterize the vertical structure of forest stands (Gadow et al., 2001) and to predict the height of individual trees in numerous forest growth simulators (e.g., Burkhart and Strub, 1974; Wykoff et al., 1982) . Height/diameter ratios, which are an important measure of stand stability (Vospernik et al., 2010) , and dominant height and competition indices can also be easily calculated by using the h-d relationship, without investing large amounts of money in height measurement (Calama and Montero, 2004) . Furthermore, h-d models are needed to help forest managers better understand the nature of various relationships that characterize, differentiate, and influence the development of forest ecosystems (Peng et al., 2001) .
Brutian pine (Pinus brutia Ten.), black pine (Pinus nigra Arnold), and Taurus cedar (Cedrus libani A.Rich.) are the most widespread and economically important tree species in Turkey. Black pine forests cover an area of about 4.2 × 10 6 ha, brutian pine forests cover an area of about 5.4 × 10 6 ha, and Taurus cedar forests cover an area of about 417,000 ha (GDF, 2006) .
Forest ecosystems containing these tree species occur over a large geographic area. As a result, site conditions (climate, soil type, etc.) vary greatly throughout their range. The ability to predict the growth and yield of forest stands growing in various site conditions is critical in the development of ecologically based management plans and strategies (Klos et al., 2007) . A number of model forms have been used to evaluate h-d relationships by species (Huang et al., 1992; Huang, 1999; Peng et al., 2001; Castedo-Dorado et al., 2005; Brooks and Wiant, 2007) . Regional differences in h-d models were the result of different geographical and climate conditions (Huang et al., 2000; Zhang et al., 2002; Peng et al., 2004) . In recent years, Turkey has adopted the principles of multipurpose and ecologically based forest management. Therefore, the General Directorate of Forests needs to develop and evaluate tree h-d models and growth and yield prediction models for management of forest resources. One of the essential building blocks in forest growth and yield modeling is the model for describing h-d relationships of different tree species. However, the available information regarding h-d relationships between forest productivity and climate and site variables concerning the above species is very limited. The existing h-d models in the Mediterranean region do not account for differences in climate and soil features. Since h-d relationships depend heavily on local environmental conditions and vary within a large geographic region (Peng et al., 2004) , the development of an h-d model should account for the effects of soil and physiographic features, which are influenced by climate, topography, and geology. This can be accomplished with use of the ecoregion classification system developed by Kantarcı (1991) for the Mediterranean region. This classification system differentiates maritime (ME), interior (IE), and lakes (LE) ecoregions based on both soil and physiographic features. The data were grouped into the Mediterranean region in order to study differences in h-d relationships for the main ecoregions where these species occurs in southern Turkey (Figure 1) .
The objective of this study was the development and comparison of h-d models for major commercial tree species growing in 3 different ecoregions. 
Materials and methods

Study sites
The Mediterranean region of Turkey is a southern coastal region, which extends from the Mediterranean Sea in the south to the central Anatolian plateau in the north. It is a mountainous area with variable physiographic characteristics, differentiated by land form, elevation, aspect, slope, position against the Mediterranean Sea and other water bodies, parent rock, and soil type (Kantarcı, 1991) . The variable physiographic features result in highly diverse ecological conditions and very rich species diversity. The most common and economically important forest tree species of this region are Pinus brutia, Pinus nigra, and Cedrus libani, the subject species of this study. The study areas are located between 237 and 1865 m in elevation. Kantarcı (1991) divided this region into 4 major subregions, including the ME, the IE, the LE, and the backside of the Mediterranean ecoregion. The first 3 of these ecoregions are found within the geographic region encompassed by this study (Figure 1 ).
The ME faces the Mediterranean Sea and is under the influence of warm and humid air coming from the sea. Mean annual precipitation ranges from 882 to 1351 mm and mean annual temperature ranges from 12.2 to 18.7 °C in this ecoregion. The IE is mainly surrounded by masses of mountains and receives little or no direct effects of maritime weather. Here, mean annual precipitation ranges from 604 to 1241 mm and mean annual temperature ranges from 7.7 to 13.9 °C. The LE is located between the interiors of the Mediterranean and central Anatolia and is characterized by many small and large lakes, which affect the vegetation of the surrounding forests. Mean annual precipitation in this ecoregion ranges from 437 to 1605 mm and mean annual temperature ranges from 9.9 to 12.6 °C (Kantarcı, 1991) .
Individual tree h-d data from 3 conifer species were collected from even-aged managed stands in the 3 different ecoregions of the Mediterranean region of Turkey. A total of 5398 destructively sampled brutian pine, black pine, and Taurus cedar trees were used in this study. These trees were felled throughout clear-cutting areas and all sampled trees were subjectively chosen to ensure a representative distribution among diameter and height classes within stands varying in density, height, stand structure, age, and site condition. On each sampled tree, 2 perpendicular diameters on the outside bark (1.3 m above ground level) were measured to the nearest 0.1 cm using electronic calipers and were then arithmetically averaged. The trees were later felled, leaving a stump with an average height of 0.30 m, and total bole length was measured to the nearest 0.05 m. The available tree h-d data were split into 2 sets: the majority (75%) of the data was used for model development while the remaining data (25%) in each diameter class for each species were randomly selected and reserved for model evaluation. The summary statistics for the 2 variables by species for each ecoregion are provided in Table 1 .
Methods
The 7 candidate models were selected from previous studies based on their appropriate mathematical features, possible biological interpretation of parameters, and satisfactory prediction for tree h-d relationship in the literature (Fang and Bailey, 1998; Huang et al., 2000; Peng et al., 2001; Yuancai and Parresol, 2001; Diamantopoulou and Özçelik, 2012) . These models include the most flexible equations for h-d relationships (Zhang, 1997; Peng et al., 2001) , the Bertalanffy-Richards (Bertalanffy, 1949; Richards, 1959) , Weibull (Yang et al., 1978) , and Schnute (Schnute, 1981) models:
Modified-logistic (Model 4)
Korf-Lundqvist (Model 5)
Gompertz (Model 6)
Schnute (Model 7)
where h is tree total height (m), d is tree diameter at breast height (cm), and a 0 , a 1 , and a 2 are the parameters to be estimated. A fundamental assumption of least squares regression is that errors are independent and normally distributed with a mean of zero and constant variance. However, in many forest modeling situations, there is a common pattern whereby the error variation increases as the values of the dependent variable increase (Huang et al., 1992; Parresol, 1993) . Because this trend was apparent within this dataset (Figure 2 ), weighted least squares (WLS) estimation was applied to correct this shortcoming. Based on the residuals analysis (Figure 2 ), a weight factor of l/d was found to be the most suitable, resulting in residual plots with a homogeneous band, and was subsequently applied in all regressions. Final parameter values were estimated using weighted nonlinear regression, using the PROC NLIN procedure within SAS (SAS Institute Inc., 2002). *BRM: brutian pine in ME; BLM: black pine in ME; CM: Taurus cedar in ME; BRI: brutian pine in IE; BLI: black pine in IE; CI: Taurus cedar in IE; BRL: brutian pine in LE; BLL: black pine in LE; CL: Taurus cedar in LE. To simplify the evaluations of statistics such as average absolute error (AAE), maximum absolute error (MAE), root mean square error (RMSE), correlation coefficient (R), mean bias (E), and Akaike information criterion (AIC), a ranking procedure was employed for fit data. Rank 1 corresponded to the best value (lowest) for each statistic and a rank 7 to the poorest value (highest), except for R. Overall ranking was based on a sum of the individual ranks. When the values for 2 or more models were equal, the same rank was assigned (Kozak and Smith, 1993) .
The nonlinear extra sum of squares procedure as demonstrated by Bates and Watts (1988) and Peng et al. (2004) was used to determine whether differences of h-d models existed between ecoregions. This method was recently developed and used to detect differences among geographic regions (Bates and Watts, 1998; Zhang et al., 2002) . The method requires the fitting of a full model and reduced model. For the h-d analysis, the full model corresponds to completely different sets of parameter estimates for each of the 3 ecoregions, and the reduced model uses the same parameter estimates for all 3 ecoregions .
Using the dummy variable approach as indicated by Huang et al. (2000) , the following full model of the Gompertz h-d equation for 3 ecoregions can be written as:
where z 0 , z 1 , and z 2 are dummy variables for specific ecoregions, whose values equal 1 if the tree is located in that region and 0 if not. This model has 9 estimable parameters. The reduced model for this test takes the form of Eq. (7) with 3 parameters. The appropriate test statistics for comparing the full and reduced models is an F-test:
where SSE R is the error sum of squares associated with the reduced model and its degrees of freedom are written as df R . SSE F is the error sum of squares associated with the full model and its degrees of freedom are written as df F . Generally, the F-test is significant if the P-value for the test is less than α = 0.05.
Model performance criteria
Six statistical criteria obtained from the residuals were examined to compare the performance of the developed models: AAE; MAE; RMSE, which indicates the accuracy of the estimates; R, which is a measure used to determine the relative correlation and the goodness of fit between the estimated and the measured data (Castano-Santamaria et al., 2013); E, which indicates the precision of the model; and the AIC, which is an index used to select the best model from a group of candidate models (Akaike, 1974) , all summarized as follows:
where i y , i ŷ , and y are the measured, estimated, and average values of the dependent variable, respectively; est y is the average value of the estimated values; n is the total number of observations used for fitting the model; p is the number of model parameters that have to be estimated; and ln is the natural logarithm.
Results
H-d models were developed for black pine, brutian pine, and Taurus cedar using 7 nonlinear growth functions. It is apparent from the model performance criteria that each growth function fits the tree h-d data of the 3 species equally well. The fitted nonlinear least squares estimates of parameters RMSE, AIC, E, AAE, MAE, and R are shown in Tables 2-4 for the 3 species and ecoregions. All model coefficients were significant at the significance level of 0.0001. Based on the model fitting statistics, the model in Eq. (6) performed best in the ME, IE, and LE for brutian pine and in the ME and LE for Taurus cedar; the model in Eq. (2) performed the best in the ME for black pine; the model in Eq.
(1) performed the best in the IE for black pine; and the model in Eq. (3) performed the best in the LE for black pine. The R values for all 7 models, 3 tree species, and 3 ecoregions were 0.71 or greater in each case. According to the nonlinear regression models, the highest R-value of 0.885 was reached for brutian pine trees in the IE (Table 3 ). The bias ranged from -0.0004 to 0.0004, and MAE values ranged from 1.031 to 1.651, for all species. Differences in bias among the 7 nonlinear models for each species were not significant. Comparing the RMSEs of the models, the Gompertz, Schnute, Weibull, and Bertalanffy-Richards models had the smallest RMSE values for black pine, Taurus cedar, and brutian pine trees, respectively. The AAE value ranged from 0.337 to 0.339 for Taurus cedar trees, was 0.372 for black pine trees, and ranged from 0.328 to 0.329 for the brutian pine trees in the ME; was 0.358-0.361 for Taurus cedar trees, 0.332 for black pine trees, and 0.282-0.284 for brutian pine trees in the IE; and was 0.321-0.322 for Taurus cedar trees, 0.285 for black pine trees, and 0.294-0.295 for brutian pine trees in the LE. Residual analysis showed that there were no detectable trends in the plots of residuals versus predicted tree heights and indicated that the assumptions of least squares regression were met adequately (Figure 3) . Although the 7 growth functions were fitted to the same datasets, they resulted in different asymptote coefficients for different tree species and ecoregions (coefficient a 0 in Tables 2-4 ). In general, the Gompertz function yielded the smallest asymptote coefficients for all tree species, with the exception of the Schnute model, in which the asymptotic Figure 3. The plots of residuals against the predicted height for the development dataset for all weighted nonlinear least squares fits of the Gompertz model and tree species: a, b, and c are brutian pine, black pine, and Taurus cedar in the maritime ecoregion; d, e, and f are brutian pine, black pine, and Taurus cedar in the interior ecoregion; g, h, and i are brutian pine, black pine, and Taurus cedar in the lakes ecoregion, respectively. (Tables 2-4) . Using this ranking system and results from Tables 2-4 for 7 nonlinear growth functions, the rank sums were created by ranking the performance by 6 attributes in Table  5 . Overall ranking was based on a sum of the individual ranks. The Gompertz model gave the best results with the lowest sum of ranks, while the Korf-Lundqvist model ranked the poorest with the highest sum of ranks. For predicting height, similar results were obtained. The Bertalanffy-Richards, Weibull, exponential, and Schnute models exhibited relatively low sums of ranks and were very similar in their ability to predict height. From the ranking results, the predictive ability of each model can be easily evaluated by different species and ecoregions (Table  5) .
In order to evaluate the predictive ability of the best 2 models, the performance criteria, i.e. Eqs. (10), (11), (13), and (14), were calculated using the predictions obtained with the 2 weighted models and the evaluation dataset (Table 6 ). Both models produced low values of E, AAE, MAE, and RMSE for all tree species and ecoregions. The measured total height values of the 3 tree species in different ecoregions were graphically compared to the corresponding values estimated by the Gompertz h-d model for the evaluation dataset ( Figure 4) . As suggested by Yang et al. (2004) , a simple linear model, Actual H = a + b × Predicted H, was fitted on the data in Figure 4 . If significant prediction errors are present, the intercept of this model will not equal 0 (a ≠ 0) and the slope will not equal 1 (b ≠ 0). For this aim, predicted values were regressed against observed values to look for possible bias in the model. Confidence intervals for the model intercept and slope were produced. As a result, the model showed slightly biased estimation for both the smaller and the greater diameters for all tree species and ecoregions. For example, using the data from cedar in the ME, the model intercept confidence interval ranged from -1.446
to -1.034, indicating that the intercept was significantly different from 0. The model slope confidence interval ranged from 1.057 to 1.079, indicating that the slope was significantly different from 1. Similar results were found for all tree species and ecoregions. The F-test results for ecoregion differences are shown in Table 7 . Based on the testing results, ecoregional differences were explored for black pine, brutian pine, and Taurus cedar using the Gompertz model. For example, the F-statistic calculated using the Gompertz model is 22.846, which is greater than the critical F-value. This implies that stem taper differed between the ecoregions and ecoregionspecific h-d models are required for brutian pine. The h-d (2) 21 (6) 25 (7) 25 (7) 6 (1) 13 (4) BLM 8 (2) 6 (1) 15 (4) 17 (5) 18 (6) 8 (2) 8 (2) CM 13 (4) 8 (2) 23 (6) 23 (7) 23 (6) 6 (1) 10 (3) BRI 18 (3) 22 (4) 12 (2) 28 (7) 32 (8) 7 (1) 25 (5) BLI 7 (1) 11 (3) 12 (4) 18 (6) 18 (6) 9 (2) 9 (2) CI 17 (5) 22 (7) 8 (2) 7 (1) 7 (1) 16 (4) 20 (6) BRL 11 (2) 10 (1) 13 (4) 12 (3) 18 (5) 10 (1) 12 (3) BLL 13 (4) 15 (6) 7 (1) 8 (2) 8 (2) 13 (4) 14 (5) CL 13 (3) 17 (5) 11 (2) 22 (7) 22 (7) 6 (1) 15 (4) Total 112 (27) 121 (31) 122 (31) 160 (45) 171 (48) 81 (17) 126 (34) Table 7 . F-values suggest that different models (the Gompertz model) are required for 3 ecoregions. Among the regions, the greatest differences were between the LE and the ME and IE.
Discussion
As indicated by Diamantopoulou and Özçelik (2012) , knowledge of tree heights, such as total height, is fundamental for developing growth and yield models in forest stands. Precise tree height estimations are needed because height is an important variable in volume estimation and biomass calculation. Based on their appropriate mathematical features and possible biological interpretation of parameters, 7 nonlinear growth functions were fitted to 3 tree species and 3 ecoregions of southern Turkey. Development and analysis of 7 nonlinear h-d models fitted to tree species and different ecoregions in southern Turkey show that most concave and sigmoidal models are able to accurately describe tree h-d relationships. These results support the recent findings reported by Diamantopoulou and Özçelik (2012) for 3 species in the Mediterranean region of Turkey, by Zhang (1997) for major tree species in United States, and by Peng et al. (2004) for 9 tree species in Canada.
Based on the development data, the best-fitting model was the Gompertz model, which provides the most precise estimates with RMSE values from 0.346 to 0.469 for all species and ecoregions. The Gompertz and ChapmanRichards models were further analyzed by evaluating their predictive abilities using an independent dataset. Evaluation of these models indicated that both produced satisfactory results for each ecoregion, although a very slight bias was observed for smaller and greater heights.
Based on the fitting statistics, evaluation statistics, and graphical examinations, the model in Eq. (6) is the best model to quantify h-d relationship for brutian pine, black pine, and Taurus cedar. Considering the model mathematical features, biological interpretation of parameters, and accurate prediction, we recommend the Gompertz model as the best. However, the performance of other models, such as the Schnute model or the Bertalanffy-Richards model, was also very good. These models have been shown to be very flexible and have been used extensively in growth and yield studies for describing height-age, diameter-age, and volume-age relationships (Somers and Farrar, 1991) . However, h-d relationship varies within a region, depending on local environmental conditions, and also varies within a geographic region. The 4 ecoregions described by Kantarcı (1991) within the Mediterranean region are characterized by broad climatic patterns and topography. The results of the F-test showed significant differences between the 3 ecoregions for the 3 tree species (Table 7) . F-test results in Table 7 justify the use of a separate h-d model for tree species in these ecoregions. As suggested by Xu (2004) , because the differences among ecoregions may be caused by only 2 or all of the ecoregions involved, it is often desirable to apply the indicator variable approach to each possible pair of ecoregions so that the source of the differences can be identified and data from similar ecoregions can be combined. Results of the F-test are given in Table 7 , which reveals significant differences in the h-d models between any 2 ecoregions for all trees. These results are not surprising, given that different ecoregions have very different biogeoclimatic conditions. Note that an unusually large estimate for the asymptotic parameter occurred in the IE. Trees in the IE are typically bigger and taller than those from other ecoregions. Applying the combined h-d model to each ecoregion resulted in unacceptable errors in height prediction. For brutian pine, the ME h-d model overestimated (negative bias %) the tree heights by about 2.79% in the IE and 6.46% in the LE. For black pine, the ME h-d model overestimated the tree heights by about 15.14% in the IE and 1.35% in the LE. For Taurus cedar, the ME h-d model underestimated (positive bias %) the tree heights by about 4.86% in the IE and overestimated the tree heights by about 7.76% in the LE. The accuracy test (Gribko and Wiant, 1992) indicated that the mean prediction bias significantly differed from 0 at the α = 0.05 level. Therefore, existing h-d models from other ecoregions or tree species should be avoided whenever possible. Each ecoregion appeared to need a unique h-d relationship so as to ensure a proper fit to the data. These results support the findings reported by Huang (1999) , by Peng et al. (2004) in Alberta, and by Zhang et al. (2002) in Ontario. They attributed the differences in height growth patterns to the differences in climate between the ecoregions.
Development of ecoregion-based growth and yield relationships, such as h-d models, is an essential step toward the implementation of ecosystem-based forest management. Often, growth and yield relationships are different among different ecoregions, so wherever data permit, it is preferable to develop ecoregion-specific models. These localized models allow for the uniqueness of each individual ecoregion to be captured. Consequently, ecoregion-based models are able to provide more reliable predictions (Xu, 2004) . Moreover, as indicated by Huang (1999) , they are also able to provide more reliable predictions on a regional basis and avoid the potential errors that may be incurred when such models are applied outside their areas.
In conclusion, the Gompertz model is recommended for all 3 species, both for its good behavior in fitting and the biological interpretability of its parameters. In addition, our results suggest that ecologically based h-d models should be fitted by ecoregion to reflect the regional differences. These ecoregion-based h-d models provide useful tools to forest resource managers in forest management practices and decision making.
